An account is presented of a study of the production of a high polymer during the solidifica tion of acetaldehyde. Details are given of an experimental technique which leads to repro ducible results. It is shown that the kinetics of the reaction indicate that the active centres have long lives. Although various substances are strong inhibitors of the polymerization, there is no evidence that a catalyst is needed to initiate the reaction. Traces of acetic acid have profound effects upon the properties of the polymer, and it is considered that the acid causes multiplication of centres by inducing rupture of carbon-oxygen bonds in the polymer. The polymer is unstable at room temperature and the course of depolymerization has been followed using both the solid polymer and solutions of it. The depolymerization is catalyzed by acetic acid, and it is suggested that the differences between the stabilities of various samples of polymer are to be explained by differences in their acetic acid contents. Possible mechanisms for the polymerization are discussed.
I n t r o d u c t i o n
Although high polymers of formaldehyde and cyclic trimers of certain other alde hydes have been known for many years, the first reports of high polymers of aldehydes other than formaldehyde were issued comparatively recently. These aldehydic polymers are substituted polyoxymethylenes of formula -CH-O-CH-0 -k A derived by the opening of the carbon-oxygen double bond of the compound R . CHO. I t was shown (Bridgman & Conant 1929) th at w-butyraldehyde (R = C4H 9) and certain other aldehydes were converted to high polymers when subjected to pressures of several thousand atmospheres, and th at the materials gradually reverted to their monomers on releasing the applied pressure. The high polymer of acetaldehyde was discovered by Travers (1936) and Letort (1936) when purifying the aldehyde in vacuo. I t was found th at when the vapour was condensed on a surface a t a tem perature below the melting-point of the aldehyde ( -123-5° C) or when the liquid was frozen, part of the aldehyde became polymerized; the aldehyde melted to a viscous liquid from which a solid polymer could be separated. The polymer slowly changed back to the monomeric aldehyde on standing a t room temperature.
Since the first descriptions of the polymer appeared, further accounts of the reaction have been given (Letort & Duval 1943 a, b and Letort, Duval & Rollin 1947) . I t appears th at the French workers performed only experiments of a qualitative nature, the degree of polymerization in a sample of aldehyde being estimated from the appearance. Certain of their results are conflicting; for example a statement th at occurrence of polymerization depends upon the aldehyde being very pure, was
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later revised and it was said th at the reaction is not affected by the source or the purity of the aldehyde, and is independent qualitatively of all catalytic influences. I t was shown that polymerization does not occur if the aldehyde is at all times at temperatures above its melting-point, and th at polymerization probably occurs while the aldehyde is being frozen. Rigby, Danby & Hinshelwood (1948) attempted a more detailed study of the reaction. They cooled samples of liquid acetaldehyde to various temperatures and afterwards estimated the extent of polymerization by determining the viscosities of the samples under standard conditions; great irreproducibility was observed. I t seems that no attem pt was made to control the conditions very precisely, in particular no mention is made of excluding air from the aldehyde undergoing treatment. The marked inhibiting effects of certain substances were described, and the observation th at solidification is essential for polymerization, was confirmed.
Staudinger (1936) first suggested th at the high polymer of acetaldehyde is a sub stituted polyoxymethylene; this structure has been confirmed by consideration of the physical properties of the polymer, and further evidence for it has been provided by X-ray studies (Powell 1948) and by examination of the infra-red spectrum (Sutherland, Philpotts & Twigg 1946) .
The object of the present work was to devise a technique which would afford accurate and reproducible results, and to apply it to a study of the kinetics of the polymerization.
E x p e r i m e n t a l

The apparatus and the method of working
The apparatus is shown in figure 1 ; the pumping unit was of conventional design and is omitted from the diagram. The essential feature of the apparatus is th a t purified liquid acetaldehyde could be stored in vacuo in the tube C, and th a t measured amounts of it could be introduced into the tube F by filling the bulb D with vapour to a measured pressure and then condensing the vapour in F cooled to -78°C. The liquid in F was then allowed to warm to 0° C. Meanwhile the tube G was evacu- ated to a pressure of 3 x 10~5 mm. Hg and flamed to rid it of adsorbed materials; this precaution was essential for reproducible results to be obtained. Tube 0 was then cooled in liquid nitrogen and aldehyde was distilled into it from tube F through the capillary I, the rate being kept constant by adjusting tap H to give a constant difference in the levels of mercury in J. The distillate was afterwards allowed to melt, and any polymer in it was precipitated by water; the polymer was dried in vacuo and weighed.
When volatile impurities were to be added to the aldehyde, bulb D was filled with the vapour from the reservoir M , the pressure being measured by the glass spoon gauge N . The vapour was condensed in F which was cooled in liquid nitrogen, this cooling agent could not be used for the subsequent condensation of the aldehyde because polymerization would have occurred during the solidification, and the monomer was condensed at -78° C as before.
Estimation of the molecular weights of the products
The molecular weights of certain of the products were compared by the viscosimetric method. For this purpose 0*4 % weight-to-volume solutions in w-butyl acetate were made, the solvent having been twice redistilled. The specific viscosities were determined a t 20° C using an Ostwald viscometer. No assumptions were made concerning the exact form of the relationship between specific viscosity and average molecular weight.
Purification of materials Acetaldehyde was twice fractionated through a long-column packed with Fenske rings. The final distillate was transferred to tube C ( figure 1) ; approximately the first fifth was distilled away to the traps guarding the vacuum pumps, and in so doing dissolved air was removed. The tube was then connected to a similar one cooled to -78° C and the aldehyde was distilled into it; the last fifth was rejected. Tube C was cleaned and evacuated, and then cooled to -78° C; the aldehyde was distilled back to it, the first and last fractions being rejected as before. I t was not possible to prepare batches of acetaldehyde with exactly the same reactivity, but the behaviour of separate batches was nearly the same and could be related by performing a standardizing experiment.
When foreign substances were required, the purest available material was chosen, and was further purified by vacuum distillation on the apparatus. The liquids were stored in tubes such as M (figure 1).
In early experiments, acetaldehyde was distilled directly into tube F through a fractionation column attached to the ground-joint O. This procedure was unreliable because (i) the reaction is very considerably affected by traces of impurities, and there is no guarantee of the column producing samples of aldehyde of identical purity in successive distillations; (ii) the aldehyde collected in F contains air (or nitrogen if the distillation is carried out in a stream of th at gas).
The air could be removed by freezing the aldehyde and evacuating the tube, b u t it was found th at satisfactory results could not be obtained. The technique was abandoned in favour of the one invol ving the use of a reservoir of liquid acetaldehyde and the measuring bulb. J. C. Bevington and R. G. W. Norrish E x p e r i m e n t a l r e s u l t s
The effects of foreign substances on the polymerization
Mixtures of acetaldehyde and volatile impurities were distilled from 0° C to liquid nitrogen. In each ease 1-6 g. of aldehyde were distilled at the rate of 0-080 g./min. The results are presented in table 1; in this and other tables of results the experi ments are arranged in the order in which they were performed. In the case of the run with 0-37 mole % acetone, the specific viscosity of a solution of the polymer was 1-13 compared with a value of 1-98 for the material produced in the succeeding blank experiment. I t is evident th at acetone reduced the average molecular weight of the product. 
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Ethyl alcohol also exerted its inhibiting effect when it was distilled into the receiver a t the same time as the aldehyde but from a separate vessel. This suggests th a t the reduction in yield is due to some action of the inhibitor on the growing centre. In one experiment, pure acetaldehyde was distilled into the receiver cooled in liquid nitrogen and then a layer of alcohol was condensed on top of it; there was no reduction in the yield of polymer.
A study was made of the effect of adding acetic acid to the aldehyde prior to the polymerizing distillation. Table 2 shows th a t traces of acid increased the yield of polymer; in each case 1-6 g. of aldehyde were distilled a t the rate of 0-080g./min. Acetic acid has a striking effect upon the physical properties of the polymer. Polymers made from aldehyde known to contain acetic acid were softer and less rubbery than those prepared from pure aldehyde; they dissolved more quickly in various solvents to give solutions less viscous than those made from polymers derived from pure aldehyde. I t is clear th at in increasing the yield of polymer, acetic acid reduced its average molecular weight considerably. Polymers prepared from monomer known to contain acetic acid were less stable than those from aldehyde substantially free from acid. In one set of experiments, pure nitrogen was admitted to the tube F after the aldehyde had been condensed in it, and distillation to the tube O was performed in the presence of the added gas. The pressure of nitrogen was measured on the mano meter E, and in each case 1-6 g. of aldehyde were distilled in 20 min. The results are shown in figure 2, and it can be seen that the molecular weight of the polymer (as indicated by the specific viscosity of the solution) was increased considerably by quite small amounts of added gas, although further increases in the quantity of nitrogen affected the molecular weight only slightly. The yield of polymer was depressed by the addition of nitrogen. When dry air was used instead of nitrogen, similar effects were observe . If, however, the aldehyde and air were allowed to stand at 0° C for 16 hr. before being distilled, the polymer had low molecular weight (for 200 mm. of air, the specific viscosity of the solution in w-butyl acetate was [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . This effect could be attributed to acetic acid formed by the oxidation of the liquid aldehyde.
The effects of varying the conditions during distillation
The weight of polymer produced was determined as a function of the rate of dis tillation of the acetaldehyde, and of the total weight of monomer used. In all cases the tube F (figure 1) was kept at 0° C and the tube was cooled in liquid nitrogen. The results are shown graphically in figure 3 ; the experiment in which 1*6 g. of aldehyde distilled at 0-08 g./min., was treated as a blank, and was performed at the beginning and at the end of the series. The percentage of the monomer which polymerized, was low when small weights were used, but after the initial period there was a linear relationship between the weight of polymer produced and the time for which distillation was carried out. A curve of the same form was obtained when acetaldehyde vapour was condensed directly from the bulb into the tube cooled in liquid nitrogen. The rate of con densation was fixed at about 0-080 g./min., by adjusting the taps so th at the mercury level in the manometer rose at a constant rate. Figure 4 shows th at there was little difference between these experinents and those in which the aldehyde was distilled into the receiver at the same rate.
Using the distillation technique, the dependence of the average molecular weight of the polymer upon the weight of acetaldehyde used was investigated. The specific viscosities of 0-4 % solutions of the polymer in w-butyl acetate were measured a t 20° C. The results are shown in figure 5 ; it can be seen th at the specific viscosity and therefore the average molecular weight of the polymer increased with the weight of aldehyde used, but tended to limiting values. In table 3 are shown the specific viscosities of solutions of polymers prepared by distilling 1-6 g. of acetaldehyde from 0° C to liquid nitrogen a t various rates. They indicate th a t the limiting value of the average molecular weight of the polymer was'independent of the rate of distillation. 1*6 g. of acetaldehyde were distilled from 0° C to liquid nitrogen at 0-080 g./min. in batches of 0-4 g. with an interval between each; both the yield of polymer and its molecular weight depended upon the length of the intervals (see figure 6 ). The broken lines on the graphs correspond to results obtained in the same series of experiments, for the distillation of a single batch of 0-4 g. of aldehyde in 5 min. I t can be seen that as the interval between the batches of aldehyde was increased, both the yield and the molecular weight of the polymer tended to the values obtained with a single batch of 0-4 g. Qualitative experiments were performed to test the effect upon the polymerization, of the temperature of the vessel in which the aldehyde was condensed. When the receiver was at -119° C which is just higher than the melting-point of the aldehyde, no polymerization was observed; when the receiver was at -139° C, polymer was formed. These observations confirm th at solidification is essential for polymerization.
The polymerization of acetaldehyde
In certain experiments the inner surface of the receiver was coated with Cetavlon (Norrish & Russell 1947) to see if the nature of the surface had a profound effect upon the reaction. The results quoted in table 4 indicate th a t substitution of what is effectively a hydrocarbon surface, for one of glass, did not affect the polymerization.
I f the receiver contained adsorbed water, the yield of polymer was depressed from about 25 to about 15 %; the presence of adsorbed water may account for the irreproducibility observed in those experiments in which careful attention was not paid to the evacuation and flaming of the receiver. The presence of adsorbed air in the receiver hardly affected the polymerization. The properties of the polymer The high polymer of acetaldehyde is readily soluble in a number of solvents including diethyl ether, butyl acetate, acetone and acetic acid; it is soluble in carbon tetrachloride and ethyl alcohol. I t is insoluble in water apd petro-ether, and it swells but appears not to dissolve in benzene. The polymer is rubbery but is without great mechanical strength; materials prepared from monomer containing acetic acid are, however, soft and tacky.
The stability of the polymer At room temperature the polymer gradually reverts to monomeric acetaldehyde; its stability seems to be intermediate between th a t of the linear formaldehyde polymers and th at of the linear polymers of higher aldehydes, formed a t high pres sures. The depolymerization in air was followed by weighing a sample of polymer kept in a thermostat. The experiments are not exact, since the recorded weights include any monomeric aldehyde retained in the polymer, and acetic acid might well have been formed by atmospheric oxidation of this monomer. In figure 7 , the percentage of the original weight remaining at a particular time is shown as a function of the time, for two separate experiments. The reactions had the characteristics of an autocatalytic process; curve A shows th at the rate of decomposition reached a maximum at about 50 % decomposition. As reported by Rigby et al. (1948) , the stabilities of various samples of polymer were different; for example, curve A refers to an experiment a t 25° C, and B to one at 35° C with a different sample of polymer. The tendency for decomposition must increase with rising temperature, yet the rate at 35° C was less than th at at 25° C. An explanation of the variations in the stabilities of the samples is advanced below.
I t was found th at polymers made from samples of aldehyde known to contain acetic acid, and polymers to which a little acid had been added, decomposed more quickly than others. This fact is shown clearly by experiments on depolymerization in solution. A solution of 0-4 g. of polymer in 100 ml. of n-butyl acetate was made; to one portion of 25 ml.,\)-l ml. of acetic acid were added. The specific viscosities of the acidified solution and the pure solution were measured a t 20° C, and their varia tion with time is shown in figure 8. I t can be seen th at acetic acid catalyzed the process of depolymerization. The autocatalysis of the depolymerization in air may well have been caused by acetic acid formed by the oxidation of some of the monomer produced. The differ ences in the stabilities of various samples of polymer are attributed to variations in their acetic acid content. Letort et al. (1947) and Rigby et al. (1948 polymer was associated with the freezing of the aldehyde. This result was fully confirmed by the experiments described here, in which the aldehyde vapour was condensed on surfaces at var'ous temperatures. Rigby et al. (1948) showed th at the yield of polymer was independent of the time for which the aldehyde remained frozen, indicating that reaction occurs during the act of freezing; this conclusion is confirmed by our observation th at the addition of alcohol to a sample of frozen aldehyde does not alter the yield of polymer.
J. C. Bevington and R. G. W. Norrish
D i s c u s s i o n
The existence of a ceiling temperature above which reaction does not occur, has been demonstrated in the polymerization of formaldehyde (Carruthers & Norrish 1936) and in the co-polymerization of sulphur dioxide and certain olefines, and it is believed th a t the phenomenon is quite general in polymerizations (Dainton & Ivin 1948) . I t is necessary to consider the possibility th a t in the case of acetalde hyde, the melting-point happens to be a ceiling temperature of the type encountered in the formation of polysulphones. This possibility can be eliminated by considering the following results of Rigby et al. (1948) : (i) supercooled acetaldehyde does not polymerize; (ii) the yield of polymer depends upon the rate a t which the liquid is frozen.
I t is clear th a t the actual solidification of the aldehyde, rather than the low temperature, is the governing factor in the polymerization.
Catalysis of the polymerization
I t is considered th at no catalyst is required for the reaction. The differences in the behaviour of separate samples of acetaldehyde can be attributed to variations in the concentrations of inhibitors, quite as readily as to variations in the concentra tion of some unknown catalyst. Among the powerful inhibitors for the reaction are water and alcohol, both of which are possible impurities in the aldehyde. I t was thought th at peroxides might be catalysts for the polymerization, as had been suggested in the polymerization of certain aldehydes a t high pressures (Conant & Peterson 1932) . Acetaldehyde certainly forms a peroxide with great readiness (Hatcher, Steacie & Howland 1931) but there is no evidence for it being effective as a catalyst in the polymerization. The effect of phenyl-a-naphthylamine in reducing the tendency for polymerization may be due to the introduction of small amounts of an inhibitor, rather than to the removal of catalytic peroxides.
Acetic acid certainly increases the amount of polymer formed from a sample of acetaldehyde, but it reduces the molecular weight very considerably. The yield of polymer from a sample of acetaldehyde with a small tendency for polymerization, can be raised by the addition of traces of acetic acid, to the same level as for a second, more active, sample of aldehyde with no added acid. The molecular weight of the product from the aldehyde with no added acid, is considerably higher than th at of the polymer derived from the acidified monomer. I t appears therefore th at the different activities of various samples of aldehyde cannot be attributed entirely to differences in their acid content. I t will be shown later th at the effect of acetic acid can be explained on the assumption th at the acid can cause polymer chains to break, there is independent evidence for the occurrence of this process.
The
kinetics of the reaction A summary has already been given of the evidence that the high polymer is a methyl-substituted polyoxymethylene
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This structure will be assumed in the discussion which follows.
I t is considered that the active centres for polymerization are formed as acetalde hyde is condensed on the cold surface, and th at the polymer grows by the addition of monomer molecules from the gas phase. The reaction is similar to the polymeriza tion of gaseous formaldehyde (Carruthers & Norrish 1936) in th a t it is heterogeneous, involving active centres on the cold surface of the vessel and monomer molecules in the gas phase. The main differences between the two cases are these: (i) for form aldehyde, the surface needs to be a t a temperature below about 90° C, but for acetaldehyde it must be below -123*5° C; (ii) in the case of acetaldehyde, if a mono mer molecule fails to react a t its first collision with the cold surface it is likely to be condensed, and yields considerably less than 100 % are therefore to be expected; with formaldehyde, however, it is possible to observe complete polymerization, since the temperature is above th at a t which the monomer condenses.
The fractional yield of polymer can be expressed as rate of polymerization rate of supply of aldehyde to receiver a where ki s a constant and n is the number of centres capable of growth. Any facto which alters the magnitude of n must affect the yield of polymer.
The phenomenon of small weights of aldehyde producing smaller percentages of polymer than large weights, is explained by supposing th a t the active centres are long-lived and th at as the aldehyde condenses on the cold surface, their number increases from zero to a stationary value when the rates of formation and destruc tion are equal. If Neglecting consumption of aldehyde in processes other than growth of the polymer, the amount of polymer produced between starting a distillation and stopping it a t time T, is given by r t J (rate of growth) = J k2 nadt. (time) as abscissa, straight lines should be obtained for large values of the time, and they should have slopes pro portional to the rate of distillation; the straight lines should not pass through the origin bu t through the point ( O, -K'). Figure 3 shows th a t the s be drawn to pass through the point ( O, -0-14) and th at 0-050, 0-080 and 0-114g./min. were 0-016, 0-029 and 0-043. The ratios of rate of distillation to gradient of the line are 3-1, 3-6 and 2-7, showing th at the gradient is approximately proportional to the rate of distillation.
The low yields of polymer obtained from small weights of monomer might be explained if an essential catalyst less volatile than the aldehyde, tended to be absent from the first fractions, or alternatively if an inhibitor tended to be concentrated in the first fractions. These possibilities are eliminated by the results obtained by condensing aldehyde vapour directly into a vessel cooled in liquid nitrogen (see figure 4) ; any catalyst or inhibitor in the monomer would have been condensed at a uniform rate. Exactly the same results were obtained as by the distillation technique.
The ideas advanced above, are confirmed by work on the molecular weights of the polymers. In the early stages of the reactions when the number of centres was increasing, there must have been a preponderance of chains which had been growing for only short periods; under these conditions the average molecular weight must have been low. As the time of distillation was increased, the polymer contained more and more molecules which had attained their maximum size, and so the average molecular weight should have approached a limiting value. Figure 5 shows th at this was actually observed. When the stationary state was reached the average chain lengths should have been defined by the fraction rate of propagation k2na rate of termination The limiting value of the molecular weight should therefore have been unaffected by the rate of distillation. Results presented in table 3 show th at this was so approximately.
The action of inhibitors The reduction in the yield of polymer caused by the presence in the aldehyde of substances such as water and alcohol, is explained by the occurrence of a second termination process. I t is supposed to involve a centre and a foreign molecule and to occur at a rate k4 nf, w here/is the rate at which the foreign substances enters the receiver.
The number of centres a t the stationary state becomeŝ M _0-k^a + J c J a quantity which diminishes as / increases. The yield of polymer will be similarly decreased by the presence of the foreign substance. The limiting value of the average chain length is k% na kzna-\-k^nf' and this quantity becomes smaller a s /is increased. The effect of acetone in reducing the molecular weight of the polymer is therefore explicable.
Spontaneous deactivation of centres
If the centres retained their activity indefinitely on standing in vacuum a t the temperature of liquid nitrogen, there should be no differences between the yield and molecular weight of a polymer formed in an experiment in which a given weight of aldehyde was distilled in a single process, and the corresponding quantities for a polymer produced in a distillation which was interrupted periodically. If, however, the centres tended to lose their activity on standing, the percentage yield and the molecular weight of the polymer should have fallen off as the interval between the batches of 0*4 g. was lengthened; these quantities should have tended towards the values obtained in an experiment with a single batch of 0*4 g. Figure 6 shows th a t these decreases actually occur.
The effect of acetic acid I t has been shown th a t acidic substances can catalyze the rupture of carbonoxygen bonds in formaldehyde polymers (Walker 1944) , and experiments on the decomposition of polyacetaldehyde showed th at acetic acid can cause the same effect with this polymer. The effect of acetic acid increasing the yield of polymei (see table 2) may be due to its attacking polymer molecules and splitting them so th a t each part can act as a nucleus for further polymerization. This would cause the number of centres to increase, and would affect similarly the yield of polymer. The average molecular weight of the polymer would be reduced by acetic acid, since the acid tends to split the polymer molecules into smaller fragments.
If allowance is made for spontaneous deactivation of centres and also for deactiva tion by traces of inhibitors in the monomer as well as for destruction of centres at a rate k3 na, the kinetic treatm ent given previously must be modified. The effect is not serious if the additional methods of termination are relatively unimportant compared with the method postulated originally. The decrease in the number of centres brought about by these methods of termination might be cancelled by the increase caused by traces of acetic acid left in the aldehyde after purification.
The effect of nitrogen
The effects of nitrogen upon the yield and molecular weight of the polymer, are only partially explained. The decrease in yield might be accounted for if nitrogen reduces k%na which is the rate of growth of polymer; this would be the case if the effective concentration (a) of aldehyde near the cold surface is reduced by the layer of nitrogen through which the monomer must diffuse. The striking increase in the molecular weight caused by small amounts of nitrogen is, however, unexplained.
Nitrogen probably has no effect on the kinetic branching introduced by traces of acetic acid left in the aldehyde after purification. Using air instead of nitrogen under conditions which allowed acetic acid to be formed, it was shown th a t the decrease in molecular weight usually found with acetic acid was actually observed.
